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Abstract 
Silicon carbide (SiC) is used as a layer in TRISO fuel of high temperature gas-cooled reactors because of its excellent thermal 
and mechanical properties. SiC fiber-reinforced SiC composites (SiCf/SiC) are also a candidate material for structural material 
for fusion reactor blanket and cladding materials of advance fission reactors. In this research, seven of monolithic SiC or 
SiCf/SiC composites materials with different fabrication processes were irradiated in the BR2 reactor up to a fluence of 2.0-
2.5×1024 (E>0.1 MeV) at 333-363 K. Changes in macroscopic lengths and lattice parameters before and after the neutron 
irradiation were measured. Furthermore, microstructure of SiCf/SiC composites was investigated using a scanning electron 
microscope, too. Results showed that after the neutron irradiation, the group of SiC and SiCf/SiC composites were swelled 
approximately 1.24~1.33% and 1.00~1.19% in length, respectively. Apparently the presence of fibers resulted in smaller swelling. 
It may be attributed for smaller swelling of SiC fibers. Further difference in swelling may be caused by the presence of different 
sintering additives. 
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1. Introduction 
Features of Silicon carbide (SiC) which has excellent thermal and mechanical properties enable it used as an 
important material in TRISO fuel of high temperature gas-cooled reactors. This type of ceramics can resist very high 
temperature and pressure induced by fission gases in reactors. Furthermore, it is not only used for nuclear fission 
and fusion applications but combustion components, motor generator, aerospace engine parts and transport system 
components, too [1]. However, the main deficiency of monolithic SiC is its inherent brittle nature lead a high 
probability of catastrophic failure under excess load. Therefore, to ensure sufficient strength and reliability, the 
proposed materials for future structural parts is a SiC fiber-reinforced SiC composites (SiCf/SiC) which composed 
of infiltrated SiC matrix into SiC fiber preform where it can be woven into 2D or preferably a 3D fabric [2].
SiCf/SiC composites are being considered as a candidate material for structural material for fusion reactor’s 
blanket components and cladding materials of advance fission reactors. SiCf/SiC composites are proposed as the 
superior engineering ceramics that can accommodate the extreme and corrosive irradiation environments with high 
fracture tolerance. Therefore, SiCf/SiC composites are appointed as a structural material with potential applications 
ranging from aerospace and fusion reactors up to filters for pollution control for high temperature because of their 
lightweight, toughness and antioxidant stability [3]. According to Snead et al. [4] even the SiC and SiCf/SiC 
composites are stable to at least tens of dpa and operating temperatures in excess of 1273 K, the researchers still 
faced with huge challenge of demonstrating the characteristic of the materials under extreme gaseous and solid 
transmutation conditions. In fusion reactor environment, nuclear collision and reaction with high energy neutrons 
and particles from fusion plasma strongly effect on material properties through the production of displacement 
damage and transmutation products [5,6]. These irradiation effects are responsible for degradation of material 
performance of SiC and SiCf/SiC. Hence, in order to understand the mechanical properties of SiC and SiCf/SiC 
composites after neutron irradiation, the dimensional change, density, lattice parameter and microstructure of these 
materials should be measured and analysed in detail. 
Even though numerous reports of nuclear properties of SiC showed the superiorities such as low neutron 
absorption coefficient, low induced radioactivity, short half-life and quick decay, commercial SiC products are not 
pure and they often contain another components such as sintering additives. Various fabrication techniques of SiC 
such as sintering, direct conversion, gas phase reaction and polymer pyrolysis require elevated temperature condition. 
Therefore, for fabrication of dense composites, usually addition of sintering additives such as oxides is necessary 
and will cause different changes after exposure to high temperature and high energy neutron irradiation, as well as 
SiCf/SiC composites which use various types of SiC fibers and fabrication techniques. 
Reports on neutron irradiation effects of SiC and SiCf/SiC composites are limited particularly those of relatively 
low neutron fluencies and at low irradiation temperatures. However these materials will be applied at central region 
in fusion power reactors where high neutron fluences and high temperature environments are expected, it is variable 
to obtain basic irradiation response of the materials after such a mild irradiation condition as the present research. 
From these specimens, we can estimate radiation response of materials up to high temperature by post-irradiation 
annealing experiments. In this study, seven of SiC or SiCf/SiC composites specimens (PureBeta, Chemical vapour 
deposition (CVD)-SiC, Liquid phase sintering (LPS)-SiC, Nano-powder Infiltration and Transient Eutectoid (NITE) 
A and B, SiCf/SiC of chemical vapor infiltration (CVI), NITE and electrophoretic deposition (EPD) methods) with 
different fabrication processes were irradiated in the BR2 reactor (Belgium) up to a fluence of 2.0-2.5×1024 (E>0.1 
MeV) at 333-363 K. Then particular attention was put on the difference of monolithic materials and composites 
under the same irradiation. Changes in macroscopic length, lattice parameter and microstructure before and after the 
neutron irradiation were measured using point or flat type micrometers, an X-ray diffractometer (XRD) and a 
scanning electron microscope (SEM) to observe and clarify basic irradiation effects on each material. 
 
2. Experimental procedures 
2.1 Materials 
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Seven materials were chosen in this study, and they can be divided into two groups. Group SiC which consists of 
PureBeta-SiC (ȕ-SiC), CVD-SiC and LPS-SiC, and group SiCf/SiC composites which fabricated by CVI, NITE and 
EPD processes. The PureBeta-SiC is a high purity ȕ-silicon carbide sintered product supplied from Bridgestone 
(Japan) through the combination of high level polymer technology. One of the technologies they used to produce ȕ-
SiC is by hot press sintering with non-metal agents in vacuum condition at 1673 K or in inert gas atmosphere at 
1973 K to ensure for high purity which equal to CVD-SiC [7]. Density of PureBeta was ~98% RD (3.14 g/cm3) 
and contains carbon inclusions at grain boundaries. CVD-SiC is produced by Rohm and Haas Advanced Materials 
(USA). This material is a single-phase cubic and has a high purity up to 99.9995% of SiC with a mostly full density 
of approximately 3.21 g/cm3. Both of these materials were machined into 25 mm x 4 mm x 2 mm in bar shape. Two 
materials of LPS-SiC, which were fabricated by NITE process, were using ultra-fine (average particle size: 30 nm) 
ȕ-SiC powder. These materials utilized oxide additives (alumina and yttria, to a total of 6 or 9 wt.%) by hot-pressing, 
and prepared at Kyoto University. They referred as SiC NITE-A and SiC NITE-B, respectively, and both of these 
materials were machined into 25 mm × 2.9 mm × 2 mm in bar shape.  
One of the group of SiCf/SiC composites was fabricated by CVI process, and used commercially available near-
stoichiometric SiC fibers (Tyranno™ SA3 fiber, Ube Industry, Japan). In the CVI process, SiC based matrix was 
deposited from gaseous reactants on a heated SiC fiber preforms. The fiber/matrix interface was coated with a layer 
of pyrolytic carbon (PyC) of nominally 150 nm thickness. The interface coating and the CVI matrix infiltration were 
provided by Hyper-Therm High-Temperature Composite, Inc. (Huntington Beach, CA, USA) using an isothermal 
isobaric CVI process and was cut into bar shape of 25 mm x 3.9 mm x 2 mm in size. Besides that, Institute of 
Energy Science and Technology, Japan (IEST) provided the SiCf/SiC composite which was fabricated using SiC 
nanopowder as a raw material by NITE process. The fiber/matrix interface was coated with a 250 nm layer of PyC 
and they were utilized approximately 45 vol.% of Tyranno™ SA3 fiber [8]. This sample was machined into bar 
shape but smaller than other samples (15 mm x 3.5 mm x 1.5 mm). Furthermore, SiCf/SiC composites which 
fabricated by sheet-stacking and hot-pressing were used EPD method for carbon coating on SiC fibers (Tyranno SA) 
and SiC matrix formation into SiC fiber cloth. Two dimensionally plain woven polycrystalline Tyranno SA cloth as 
the reinforcement and sintering additives consisting of Į-Al2O3 (14 mass%), Y2O3 (4 mass%) and CaCO3 (2 mass% 
as CaO) were used. The fiber volume fraction of the SiCf/SiC composites was 52% and its bulk density and open 
porosity were 2.8 g/cm3 and 9.3 %, respectively [9]. The size and shape of this material is same with the PureBeta-
SiC and the CVD-SiC specimens. 
2.2 Neutron irradiation, macroscopic length, lattice parameter and SEM observation 
All the samples were concurrently neutron-irradiated in the BR2 reactor in Belgium up to a fluence of 
2.0~2.5×1024 n/m2 (E>0.1 MeV, 0.20~0.25 dpa) at 333-363 K for 60 days. Macroscopic lengths of unirradiated and 
irradiated samples were measured using a point type and a flat type micrometer at room temperature. The accuracy 
of the length measurement was ±1 ȝm or 0.004% of 25 mm sample using a point type micrometer and fixture jig. 
Zirconium oxide (ZrO2) gauge with 25.000 mm and 3.000 mm were used as standards in this measurement. Three 
points were taken at each specimen to measure the length, thickness and width. Macroscopic volume change was 
calculated based on the macroscopic length, thickness and width changes. The length direction was parallel to the 
sheet plane of SiC fabric in the case of the composites. Lattice parameter was observed by X-ray diffraction (XRD) 
technique. XRD with a CuKĮ source (40 kV, 40 mA) was performed on a Philips PW-1700 diffractometer equipped 
with a graphite monochromator at room temperature. To perform X-ray diffractometry, Si powder as an internal 
standard was glued on the specimen surface. The bulk specimen was placed in the center of an aluminium holder. 
The profiles were taken by step-scan method over the range from 30o/2ș to 95o/2ș with the step increment of 0.02o 
and kept for 5 s at each step. The diffraction profiles of peaks with indices (111), (200), (220), (311), (222) and 
(400) of SiC for each specimen were scrutinized. In order to observe microstructure of SiCf/SiC composites after the 
neutron irradiation, scanning electron microscopy (SEM, Hitachi S-3500) was performed using 20 kV with various 
magnifications. 
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3. Results and discussion  
Changes in macroscopic lengths and volumes of SiC and SiCf/SiC composites are summarized in Table 1. 
Changes in the macroscopic lengths in the group SiC which consists of PureBeta-SiC, CVD-SiC, SiC NITE-A and 
SiC NITE- 
B were 1.24%, 1.24%, 1.33% and 1.31%, respectively, while changes in the macroscopic lengths in the group 
SiCf/SiC composite which fabricated by CVI, NITE and EPD processes were 1.15%, 1.19% and 0.96 %, 
respectively. In context of the group SiC, the neutron irradiation induced swelling of SiC has been well studied for 
low and intermediate temperatures (~293-1273K) and indicated that the swelling occurred because of formation of 
point defects [10] or amorphization [11]. It is important to distinguish neutron irradiation effects on high purity 
materials such as PureBeta-SiC and CVD-SiC with those of lower purity forms such as SiC NITE-A and NITE-B. 
 
Table 1. Macroscopic length change, volume change and lattice parameter change of SiC and SiCf/SiC composites. 
Group Material Length change (%) Volume change (%) Lattice parameter change of ȕ-SiC (%) 
Group SiC 
PureBeta-SiC 1.24 4.42 1.13 
CVD-SiC 1.24 4.33 1.17 
NITE-A 1.33 4.90 1.16 
NITE-B 1.31 5.64 1.45 
Group SiCf/SiC 
CVI 1.15 3.41 1.50 
NITE 1.19 3.75 1.13 
EPD 0.96 3.23 1.13 
 
Changes in the macroscopic lengths of PureBeta-SiC and CVD-SiC were similar because of the high purity of 
SiC and assuming that both of these materials have common effect due to neutron irradiation. The irradiation 
induced microstructural evolution at low temperature with low to high neutron irradiation dose of CVD-SiC is 
roughly understood and has reviewed by Katoh et al. [1] and Snead et al. [11]. Swelling in volume of PureBeta-SiC 
and CVD-SiC specimens is shown in Figure 1. This figure showed even at low irradiation temperature, the swelling 
increase logarithmically with dose. Similar to the report by Snead et al. [10] on temperature above the critical 
amorphization temperature (423 K), the swelling increases logarithmically with dose until it approaches saturation 
with a steady decrease in the saturation swelling level with further increase in irradiation temperature. The dose 
exponents of swelling during the logarithmic period are in many cases near to 2/3 as predicted by a kinetic model 
assuming planar geometry for interstitial clusters [12]. This temperature regime is generally referred to as point-
defect swelling regime and can be roughly set between 423 K and 1273 K. The irradiation induced swelling of pure 
SiC from low to elevated temperatures with different neutron fluences were summarized by Snead et al. [10].  
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Fig. 1. Volume changes of PureBeta-SiC and CVD-SiC. Data from references also indicated in comparison [1,11]. All data were 
the high purity SiC irradiated at low temperature of 323-423 K. 
Figure 2, 3, and 4 show the X-ray diffraction profiles of unirradiated and irradiated SiC specimens on position of 
(111), (200), (220), (311), (222), and (400) peaks. The profiles of XRD peaks of irradiated specimens are seen to 
have shifted its reflection to a smaller angle indicating swelling, following by broadening and lowering of peaks. A 
similar behavior was observed by Miyazaki et al. [13] for the SiC specimen irradiated to fluence of 3.0×1024 n/m2. 
Moreover, 2H-SiC (Į type) polymorph was identified and labeled in Fig. 4. Shih et al. [14] stated that the Į (2H) 
phase are likely formed in the CVI SiC matrix, and high stacking faults in the composites possibly contribute to the 
Į peaks. In addition, Figs. 3 and 4 show appearance of YAG (Y2Al5O12) additives for the unirradiated specimens but 
after the neutron irradiation, the YAG peaks mostly dissipated. Up to present, no data available for XRD profiles of 
neutron irradiated YAG in the open literature. The irradiation temperature of the present study (333-363 K) was 
lower than the critical amorphization temperature of SiC (423 K), however XRD measurements indicated that the 
materials were kept as mostly crystalline after the irradiation, due to smaller dose, except for YAG phase in the 
NITE specimens. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. XRD profiles of unirradiated and irradiated specimen of Pure-Beta SiC and CVD-SiC. 
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Fig. 3. XRD profiles of unirradiated and irradiated specimen of NITE-A and NITE-B. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. XRD profiles of unirradiated and irradiated specimen of CVI, NITE, and EPD SiCf/SiC. 
 
Presence of sintering additives in SiC NITE-A (6 wt.% of alumina and yttria) and NITE-B (9 wt.% of alumina 
and yttria) gave slightly different in swelling which was about 0.1% exceed from PureBeta-SiC and CVD-SiC. From 
Table 1, we could see that the changes in the macroscopic lengths of SiC NITE-A and NITE-B were almost similar, 
however volume swelling for both materials showed relatively large difference, which were 4.90% and 5.64%, 
respectively. According to the report of Koyanagi et al. [15], SiC which contained 9% of oxide sintering additives 
(alumina and yttria) showed more swelling than SiC which contained 6% of oxide sintering additives. Both of the 
samples were exposed to 3 dpa of 5.1 MeV Si2+ ions irradiation at elevated temperature (553-1273 K) and they were 
also mentioned that the swelling of Y-rich regions was larger than in Al-rich regions. These results elaborate that the 
compounds containing Y tend to promote the swelling of SiC NITE more than high purity CVD or PureBeta-SiC.  
Table 1 clearly shows that group of SiCf/SiC composites were less swelling than the group of SiC. It may be 
attributed with presence of SiC fibers which reinforced the structure of SiC matrix. Even with the different processes 
to fabricated the SiCf/SiC composites and with not only different types of SiC fibers but also different sintering 
additives, they still have quite similar in swelling except for SiCf/SiC-EPD which exhibits very small swelling 
compared to all other materials. Yoshida [9] proposed that SiCf/SiC composites using EPD process were expected to 
be an effective way to control the fiber/matrix interface and the microstructures of SiCf/SiC composites with high 
performance. Price [16] reported that increasing irradiation temperature will decrease the dimensional changes of 
SiC, but dissimilar with Ishihara et al. [17] who indicated that the dimensional change of a 2D woven-fabric Hi-
NicalonTM fiber-reinforced SiC-matrix composite which fabricated by polymer impregnation and pyrolysis (PIP) 
process showed shrinkage at temperature of 843 K. Furthermore, Tyranno SA fibers which used in this study as 
reinforcement in SiCf/SiC composites have less amount of oxygen and near-stoichiometric chemical compositions. 
It is considered that highly crystalline fibers were swelled due to neutron irradiation. Shih et al. [14] reported that, 
even though the Hi-NicalonTM Type-S fiber-reinforced CVI SiC matrix composite was irradiated at high fluence up 
to 2.8×1026 n/m2 at 573 K, the macroscopic length change increased 0.45%. According to Hinoki et al. [18], 
Tyranno SA fiber, which was the same type that use in this study, was stable even at 7.7×1025 n/m2 and 1073 K. 
However, the actual swelling of each fiber due to the irradiation may be depended on fiber property and irradiation 
conditions, and should be slightly different with that of SiC matrix. In the present study, swelling of fibers was 
estimated to be slightly smaller than that of the SiC matrix. However, neutron irradiation response on bare fibers at 
the same conditions should be performed to evaluate the detailed difference. 
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It is reported that the neutron irradiation of crystalline SiC results in swelling due to the formation of an equally 
number of interstitials and vacancies. On the contrary, amorphized SiC by irradiation takes shrinkage due to the 
crystallization after annealing [17]. Dimensional changes of SiCf/SiC composites are determined from those of the 
fiber and matrix as well as fiber-matrix interaction. Under heavy irradiation, it can be concluded that the fiber might 
decouple from the matrix due to the difference in swelling, while in low dose irradiation, it would be expected that 
the fiber is coupled well with the matrix and the matrix shows a swelling according to the Price’s estimated line, 
which describes that the dimensional change in expansion was monotonically decreased with increasing irradiation 
temperature from about 1% at near room temperature irradiation to about 0.05% at 1273 K irradiation independent 
of Į- or ȕ-SiC as well as grain size, porosity of the material [16, 19]. 
It is known that the macroscopic length and lattice parameter are changed due to crystalline defects. It is 
supposed that macroscopic length change may be larger than the lattice parameter change owing to the measurement 
of the length including the changes in grain boundary, voids, bubbles or changes in secondary phases while lattice 
parameter solely measure the change in unit cell. This suggests that the presence of only isolated defects in the 
irradiated specimens gives fairly good correspondence between the macroscopic length and lattice parameter 
changes that has been shown in Table 1. In addition, Shih et al. [14] explained regarding to relatively well 
agreement between dimensional expansion and lattice constant expansion exists for SiC under neutron irradiation 
when irradiation conditions are at point defect regime (423 to 1273 K) at intermediate neutron fluences (<5 dpa), 
because very tiny interstitial clusters scattered in the matrix can account for both the XRD lattice swelling and 
volume swelling. However, specimen of NITE B and CVI-SiCf/SiC showed clear discrepancy between the 
macroscopic length and lattice parameter changes. These errors occurred maybe due to the imprecise determination 
of lattice parameter which requires a flat sample surface and well-distributed internal standard (Si powder). These 
all factors contribute to the errors associated with the lattice parameter determined by the XRD technique. Figure 5, 
6, and 7 show microstructure of SiCf/SiC composites before and after the neutron irradiation. No debonding of 
fibers from matrix was observed. It can be concluded that there is no significant different between the unirradiated 
and irradiated specimens due to low dose neutron irradiation at low irradiation temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. SEM micrograph of CVI SiCf/SiC: (a) unirradiated and (b) irradiated specimen. 
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Fig. 6. SEM micrograph of NITE SiCf/SiC: (a) unirradiated and (b) irradiated specimen. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. SEM micrograph of EPD SiCf/SiC: (a) unirradiated and (b) irradiated specimen. 
 
4. Conclusion 
SiC and SiCf/SiC composites which fabricated by different processes were concurrently neutron-irradiated in the 
BR2 reactor up to a fluence of 2.0~2.5×1024 (E>0.1 MeV) at 333-363 K. Changes in macroscopic length and lattice 
parameter were measured and the obtained results are summarizes as follows: 
 
(1) High purity SiC showed slightly smaller swelling compared to the material contained oxide sintering 
additives. 
(2) The group of SiCf/SiC composite showed less swelling than the group of monolithic SiC, may be due to 
smaller swelling of SiC fiber. 
(3) Within various SiCf/SiC composites tested in this study, swelling of the composite fabricated by EPD 
method was the smallest. 
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